The effects of reduced dimensions and the interfaces on antiferromagnetic quantum criticality are studied in epitaxial Kondo superlattices, with alternating n layers of heavy-fermion antiferromagnet CeRhIn5 and 7 layers of normal metal YbRhIn5. As n is reduced, the Kondo coherence temperature is suppressed due to the reduction of effective Kondo screening. The Néel temperature is gradually suppressed as n decreases and the quasiparticle mass is strongly enhanced, implying dimensional control toward quantum criticality. Magnetotransport measurements reveal that a quantum critical point is reached for n = 3 superlattice by applying small magnetic fields. Remarkably, the anisotropy of the quantum critical field is opposite to the expectations from the magnetic susceptibility in bulk CeRhIn5, suggesting that the Rashba spin-orbit interaction arising from the inversion symmetry breaking at the interface plays a key role for tuning the quantum criticality in the two-dimensional Kondo lattice.
In Kondo lattices consisting of a periodic array of localized spins which are coupled to conduction electrons, a very narrow conduction band is formed at sufficiently low temperatures through the Kondo effect [1] . Such systems are realized in intermetallic heavy-fermion metals, which contain a dense lattice of certain lanthanide (4f ) and actinide (5f ) ions. In particular, in Ce(4f )-based compounds, strong electron correlations strikingly enhance the quasiparticle (QP) effective mass to about 100 times or more of the bare electron mass, resulting in a heavy Fermi liquid state. In the strongly correlated electron systems, non-Fermi liquid behavior, associated with the quantum fluctuations near a quantum critical point (QCP), a point at which a material undergoes a secondorder transition from one phase to another at absolute zero temperature [2] , has been one of the central issues. The heavy-fermion systems are particularly suitable for this study, because the ground state can be tuned readily by control parameters other than temperature, such as magnetic field, pressure, or chemical substitution [3] . As a result of the many-body effects within the narrow band in these heavy-fermion compounds, a plethora of fascinating properties have been reported in the vicinity of a QCP.
Recently, a state-of-the-art molecular beam epitaxy (MBE) technique has been developed to fabricate an artificial Kondo superlattice, a superlattice with alternating layers of Ce-based heavy-fermion compounds and nonmagnetic conventional metals with a few atomic layers thick [4] . These artificially engineered materials provide a new platform to study the properties of twodimensional (2D) Kondo lattices, in contrast to the threedimensional bulk materials. In the previously studied CeCoIn 5 /YbCoIn 5 superlattices [4] , where CeCoIn 5 is a heavy-fermion superconductor and YbCoIn 5 is a conventional metal, each Ce-block layer (BL) is magnetically decoupled from the others, since the Ruderman-KittelKasuya-Yoshida interaction between the spatially separated Ce-BLs is negligibly small due to the presence of the nonmagnetic spacer Yb-BLs. Moreover, the large Fermi velocity mismatch across the interface between heavyfermion and nonmagnetic metal layers significantly reduces the transmission probability of heavy QPs [5] . In fact, it has been shown that the superconducting heavy QPs as well as the magnetic fluctuations are well confined within the 2D Ce-BLs, as revealed by recent studies of upper critical field and site-selective nuclear magnetic resonance [6, 7] . Quantum fluctuations are expected to be more pronounced in reduced spatial dimensions [8] , and the artificial Kondo superlattices therefore have an advantage to extend the quantum critical regime without long-range ordering. On the other hand, although the previous studies on CeCoIn 5 /YbCoIn 5 superlattices pointed out the importance of the interface between the heavy-fermion and the adjacent normal-metal BLs [9] [10] [11] , the question of how the interface affects quantum critical phenomena still remains largely unexplored.
Here, to study the magnetic quantum criticality of 2D Kondo lattices, we have fabricated superlattices of CeRhIn 5 (n)/YbRhIn 5 (7), formed by alternating layers of heavy-fermion CeRhIn 5 [12] [13] [14] and normal metal YbRhIn 5 [15] . Bulk CeRhIn 5 shows a long-range antiferromagnetic (AFM) order below T N = 3.8 K at ambient pressure; it orders in an incommensurate magnetic structure with ordering vector q = (1/2, 1/2, 0.297) [16] . The magnetic order is suppressed by applying pressures and the ground state becomes purely superconducting at p > p * ≈ 1.95 GPa with most likely d-wave symmetry, similarly to CeCoIn 5 [17] and CeIrIn 5 [18] . Compared to the previously studied CeIn 3 /LaIn 3 superlattices [4] based on the cubic heavy-fermion antiferromagnet CeIn 3 with higher T N = 10 K and q = (1/2, 1/2, 1/2) [19] , the effect of reduced dimensionality would be more prominent in the present superlattices based on the tetragonal CeRhIn 5 with lower T N . We show that the reduced dimensionality, achieved by reducing n, leads to the appearance of the QCP at n ≈ 3. Remarkably, quantum fluctuations in the n = 3 superlattice are sensitive to the applied magnetic field and its direction. Based on these results, we discuss the significant effect of the inversion symmetry breaking at the interface on the magnetic quantum criticality in 2D Kondo lattice. The CeRhIn 5 (n)/YbRhIn 5 (7) Kondo superlattices used for this work were epitaxially grown on MgF 2 substrate using the MBE technique [4] . We first grew CeIn 3 (∼ 20 nm) as a buffer layer, on top of which 7 layers of YbRhIn 5 and n layers of CeRhIn 5 were stacked alternatively, in such a way that the total thickness was about 300 nm (see inset in Fig. 1 ). Figure 1 shows the temperature dependence of the resistivity ρ(T ) of the n = 9, 5, 4, and 3 superlattices, along with the CeRhIn 5 thin film (300 nm). The resistivity of the thin film reproduces well that of a single crystal. In the thin film and n = 9 superlattice, the Kondo coherence temperature T coh is estimated from the maximum in ρ(T ) after subtracting the resistivity of nonmagnetic LaRhIn 5 [20] to account for the phonon contribution. The ρ(T ) data in the n = 5, 4, and 3 superlattices shows a maximum at T coh without any background subtraction. As shown in the inset of Fig. 1 , T coh decreases with increasing 1/n, indicating that reduced dimensionality dramatically suppresses the Kondo coherence [21] . It is unlikely that the crystal electric field at Ce-site changes significantly in the superlattices, because it is mainly determined by the neighboring Ce, In, and Rh ions. Therefore, the observed suppression of T coh in the superlattices is a many-body effect likely due to the reduction of the effective number of the conduction electrons which participate in the Kondo screening.
It has been reported that the temperature derivative of the resistivity dρ/dT exhibits a sharp peak at T N in the bulk CeRhIn 5 . Figure 2 (a) depicts dρ/dT at low temperatures for the thin film and the superlattices. In thin film, dρ/dT reproduces that of the bulk, indicating the AFM transition at T N = 3.8 K [14] . A distinct peak is also observed in the n = 9, 5, and 4 superlattices, suggesting the presence of the AFM order. For the n = 3 superlattice, on the other hand, the peak is very broad, and thus, the determination of T N is ambiguous, which will be discussed later. Obviously, the approach to two dimensions yielded by reducing n enhances quantum fluctuations and thus reduces T N . To see whether the resistivity obeys the Fermi-liquid expression, ρ = ρ 0 + AT 2 , where ρ 0 is the residual resistivity and A is the Fermi liquid coefficient, the resistivity at low temperatures is plotted as a function of T 2 in Fig. 2 (b). The resistivity of the thin film and n = 9, 5, and 4 superlattices are well fitted by ρ ∝ T 2 in a wide temperature range. On the other hand, as shown in the inset of Fig. 2 (b), the T 2 -dependence is observed only at very low temperatures for the n = 3 superlattice, consistent with approaching a QCP. Figure 3 depicts the thickness dependence of T N and A that is related to the QP effective mass m * through the effective specific heat coefficient γ eff ∝ m * and the Kadowaki-Woods Fermi liquid relation, A/γ
Concomitantly with the disappearance of T N near n = 3, A is strikingly enhanced, about 20-fold of its magnitude in the bulk. It is natural to consider that the mass enhancement and the deviation from the Fermi liquid behavior of the resistivity for the n = 3 superlattice are caused by the quantum critical fluctuations associated with the QCP in the vicinity of n = 3, i.e. dimensional tuning of the quantum criticality.
To further elucidate the nature of the QCP, we study the magnetoresistance and its anisotropy in an applied magnetic field. Figures 4(a) and 4(b) show the evolution of α, the exponent in ρ(T )−ρ 0 = ∆ρ(T ) ∝ T α , within the field-temperature (B − T ) phase diagram of the n = 3 superlattice, for the magnetic field applied parallel to the ab plane and c axis, respectively. For both field directions, the exponent α at low temperatures is strongly affected by the magnetic field [23] [24] [25] . At B c ≈ 1.2 T for B ab and B c ≈ 2 T for B c, the non-Fermi liquid behavior (α 1.5) is observed down to the lowest temperatures and in a largely extended field range at higher temperatures. For B > B c , a broad crossover regime from the non-Fermi liquid state to the field-induced Fermi liquid state at lower temperature is found to occur. Thus, the non-Fermi liquid behavior dominates over a funnel shaped region of the B − T phase for both field directions. We note that similar phase diagrams have been reported in the bulk heavy fermion compound YbRh 2 Si 2 [23] , which constitutes one of the best studied examples of quantum criticality. In Figs. 4(a) and 4(b), the field dependence of γ eff for the n = 3 superlattice estimated from the T 2 -dependent resistivity in the Fermi liquid regime is also plotted. As the field approaches B c from either side, γ eff is rapidly enhanced. These results corroborate the emergence of a field-induced QCP at B c . Although dρ/dT does not show a discernible peak for the n = 3 superlattice in Fig. 2(a) , the Néel temperature is roughly estimated to be T N ∼ 0.16 K by the temperature below which the Fermi liquid behavior is observed (see inset of Fig. 2(b) ). We conclude that in the present 2D Kondo lattice, quantum fluctuations are sensitive to the applied magnetic field; fields of about 1 T are sufficient to induce a QCP, above which Fermi liquid state with a strongly field-dependent QP mass appears. This small B c is in sharp contrast to the magnetic field of ≈ 50 T required to suppress T N in the bulk CeRhIn 5 [26] .
The quantum fluctuations are also sensitive to the field direction. It should be noted that in the bulk CeRhIn 5 , magnetic susceptibility perpendicular to the ab plane is much larger than that parallel to the plane, χ c ≫ χ ab [13] , implying that the field response for B ab is expected to be much less sensitive than that for B c, similar to the case of YbRh 2 Si 2 where the magnitudes of B c for the different field directions are proportional to the magnetic anisotropy. What is remarkable is that, as seen from Figs. 4(a) and 4(b) , the quantum fluctuations are more easily suppressed for B ab than for B c. Thus, the anisotropy of the quantum critical field in the present 2D Kondo lattice is opposite to that of the bulk susceptibility. Interestingly, recent high-field study of the bulk CeRhIn 5 finds that the critical value of B c at T = 0 is isotropic [26] , although it has been reported that the suppression of T N by magnetic field occurs more rapidly Fig. 4 .
To explain the observed anisotropy of the critical field, we point out the importance of the space inversion symmetry. Here, in the n = 3 superlattice, the inversion symmetry is locally broken at the top and bottom layers of the CeRhIn 5 blocks in the immediate proximity to the YbRhIn 5 layers, whereas the symmetry is preserved in the middle layer [7, [9] [10] [11] . In the absence of inversion symmetry, asymmetry of the potential in the direction perpendicular to the 2D plane ∇V
[001] induces Rashba spin-orbit interaction
, and the spin direction is tilted into the plane, rotating clockwise in one sheet and anticlockwise in the other [27] . Since the noncentrosymmetric interface layers occupy two thirds of the CeRhIn 5 layers in the n = 3 superlattice, the local inversion symmetry breaking at the interfaces, which results in the Rashba spin-orbit splitting of the Fermi surface, has a significant impact on the magnetic properties. In fact, it has been reported that local inversion symmetry breaking strongly affects the superconducting and magnetic properties in CeCoIn 5 /YbCoIn 5 superlattices, leading to the suppression of the Pauli paramagnetic pair breaking effect and magnetic fluctuations at the interface [7, [9] [10] [11] .
In the presence of the local inversion symmetry breaking at the interfaces, the magnetic anisotropy is expected to be modified. For B ⊥ ab, the Zeeman splitting h = gµ B J z B enters the energy ε k of QPs at the Fermi level quadratically alongside the Rashba interaction: E ± (k) = ε k ± h 2 + α 2 R |g(k)| 2 . Therefore, for weak fields (h ≪ α R , which is the case here), the Zeeman effect is quadratic rather than linear in field, and is therefore strongly suppressed. By contrast, for inplane field B ab, there is a component of B parallel to the Rashba-induced spin g(k), and the Zeeman effect is stronger. Therefore, the magnetic susceptibility for B ⊥ ab is expected to be suppressed more strongly than for B ab. We theoretically analyzed the anisotropy ratio of the magnetic susceptibility, χ c /χ ab , and found that χ c /χ ab ∼ (χ c /χ ab ) bulk × 12(δ 2 + O(δ 3 )), where δ = h/α R . We note that the results are robust against the details of the many-body renormalization of the effective mass (see Supplemental Material [28]). Realistic values of the Rashba interaction and material parameters of CeRhIn 5 lead to the estimate of δ in the range (0.02 − 0.1) for field B = 1 T, yielding the anisotropy ratio 1/100 χ c /χ ab 1/10 [28], which is opposite to the anisotropy of the bulk CeRhIn 5 . To confirm this reversed anisotropy of the magnetic susceptibility, more direct measurements which provide microscopic information of the magnetism at the interface, such as site selective nuclear magnetic resonance, are strongly desired.
In summary, to investigate the physical properties of the two-dimensional Kondo lattice, we fabricated CeRhIn 5 (n)/YbRhIn 5 (7) superlattices. As the CeRhIn 5 layer thickness is reduced, the effective Kondo screening is largely reduced and the system approaches a quantum critical point in the vicinity of n = 3. We find that the quantum critical fluctuations, responsible for the non-Fermi liquid behavior, are very sensitive to the applied magnetic field and its direction. The fields of about 1 T are sufficient to tune the system to the QCP, which is two orders of magnitude smaller than the bulk value. The opposite anisotropy of the quantum critical field between the bulk and n = 3 superlattice suggests that the Rashba spin-orbit interaction, arising from the local inversion symmetry breaking at the interface, plays an essential role for the magnetism in this artificially engineered 2D Kondo lattice.
SUPPLEMENTAL MATERIAL
Fabrication and characterization of the CeRhIn5(n)/YbRhIn5(7) superlattices CeRhIn 5 /YbRhIn 5 superlattices are grown by the molecular beam epitaxy (MBE) technique. The pressure of the MBE chamber was kept at 10 −7 Pa during the deposition. The (001) surface of MgF 2 with rutile structure (a = 0.462 nm, c = 0.305 nm) was used as a substrate. The substrate temperature was kept at 550
• C during the deposition. Each metal element was evaporated from Knudsen cell for Ce, Yb, and In, and from electron-beam evaporation for Rh. CeIn 3 (about 20 nm) was first grown on the MgF 2 substrate as a buffer layer. Then, 7-unitcell-thick (uct) YbRhIn 5 and n-uct CeRhIn 5 layers ware grown alternatively, typically repeated 30-50 times. The deposition rate was monitored by a quartz oscillating monitor and the typical deposition rate was 0.03 nm/s.
We characterized the quality of the thin films and superlattices by the measurements of the X-ray diffraction (XRD), reflection high-energy electron diffraction (RHEED), atomic force microscopy, and electrical transport measurements. Fig. S1(a)-(c) shows the XRD patterns for n = 3, 5, 7, 9 superlattices, typical RHEED image, and typical atomic force microscopy image, respectively. In the XRD pattern, the positions of the satellite peaks and their asymmetric heights can be reproduced by the step-model simulations ignoring interface and layer-thickness fluctuations, indicating no discernible inter-diffusion across the interfaces. Clear streak pattern in the RHEED image and small surface roughness within 1 nm, comparable to one unit-cell-thickness along the c-axis, demonstrate the epitaxial growth of each layer with atomic flatness. superlattice. The surface roughness is within 1 nm, which is comparable to one unit-cell-thickness along the c axis of CeRhIn5. Fig. S2(a) shows the temperature dependence of resistivity up to 300 K. The residual resistivity ρ 0 as well as ρ(T = 300 K) shows non-monotonic trend, which presumably comes from uncertainties in determining thickness of the superlattice. We would like to note that, in the superlattice, layer-thickness fluctuation in each block layers are small, because of the presence of clear satellite peak in the XRD pattern (Fig. S1(a) ). Fig S2(b) shows the residual resistivity ratio, ρ(T = 300 K)/ρ 0 , as a function of 1/n. ρ(T = 300 K)/ρ 0 does not show any clear thickness dependence, implying that no additional disorder is induced by reducing the CeRhIn 5 layers. ) show the temperature (T ) derivative of the resistivity (ρ), dρ/dT , as a function of T for n = 4 superlattice in magnetic field parallel to the ab plane (B ab) and c axis (B c), respectively. As explained in the main text of the original manuscript, a peak in dρ/dT suggests the presence of the antiferromagnetic (AFM) order. The peaks in dρ/dT are observed in all magnetic fields, and are almost field-independent up to 7 T. This is consistent with the bulk CeRhIn 5 . Fig. S3(c) is the same plot as Fig. 4 in the manuscript for n = 4 superlattice. At low temperature below 1 K, ρ(T ) shows the Fermi liquid behavior with α = 2 in ρ(T ) = ρ 0 + AT α in the whole field range measured up to 10 T. These results demonstrate that n = 4 superlattice show the AFM order and is located far from the quantum critical point (QCP). 
Theoretical analysis of the magnetic field anisotropy
In bulk CeRhIn 5 , the anisotropy of the susceptibility is such that χ zz > χ xx . For instance, in field B = 0.5 T, the reported magnetization M [001] = 1.5µ B whereas M [100] = 0.80µ B [1] , leading to an estimate of the bulk susceptibility anisotropy (χ zz /χ xx ) bulk ≈ 1.9. However in the CeRhIn 5 (n)/YbRhIn 5 (7) superlattices, our results indicate that the magnetic field response for B ab is stronger than for B c (see Fig. 4 in the main text), in other words the anisotropy appears to be reversed compared to that of the bulk CeRhIn 5 . To understand the origin of this phenomenon, we invoke the Rashba spin-orbit coupling associated with the broken inversion symmetry at the interface between CeRhIn 5 and YbRhIn 5 layers.
The Rashba interaction originates because of the electric field normal (along [001]) to the heterostructure interface, allowed because of the lack of the inversion symmetry in this direction, and has the form [2] 
where
The strength of the electric field (absorbed into the constant α = α R /k F ) takes values in the range (1 − 10) × 10 −10 eVcm for a number of well studied semiconductor heterostructures (InAs/GaSb [3] , In x Ga 1−x As/In x Al 1−x As [4] and GaAs/Al x Ga 1−x As [5] ) depending on the shape of the confining quantum well. For the 2D artificial Kondo superlattices studied here, we provide an estimate of the strength of α towards the end of the Supplemental Material. We note parenthetically that the Dresselhaus spin-orbit effect due to the microscopic crystal field [6] is typically negligible compared to the Rashba effect, which is why it is sufficient to consider only the latter.
In order to keep the discussion more transparent, we shall first consider the effect of the Rashba interaction on the non-interacting electron gas, before generalizing the results to the more realistic case of heavy Fermi liquid that underpins the electronic properties of CeRhIn 5 .
A. Non-interacting Electron Case
For transparency, consider first the case of a single non-interacting electron band. Because of the effect of the Rashba interaction, electron spin will precess around the external magnetic field direction B as a function of the kvector. This can be seen as follows: consider first the field in the z-direction perpendicular to the layered superlattice, with the HamiltonianĤ
where ε
k is the bare electron band dispersion and h = gµ B J z B is the Zeeman field acting on the z-component of the angular momentum J. The corresponding energy eigenvalues
denotes the in-plane momentum. This can be rewritten as
where for electrons at the Fermi level |g(|k| = k F )| = 1 and hence α R has the meaning of the Rashba energy splitting in zero external field. The corresponding eigenfunctions yield the following spinor form in the basis of |↑ and |↓ states (eigenstates of J z ):
, manifesting spin precession as a function of k. As a result of this spin precession, the z-axis magnetization will be k-dependent:
The zero temperature magnetization alongn-axis is obtained by summing over the occupied bands:
The expression for the magnetic susceptibility χ n = ∂M n /∂B is then obtained by differentiating the above equation:
where in the first equality we took into account that Zeeman field h n = gµ B J n B. Note that in the absence of the Rashba interaction, m z reduces to 1 in Eq. (5), and the corresponding magnetization M z in Eq. (6) takes on the familiar form M z (α = 0) = M ↑ − M ↓ . Consider now the field in plane, say, along the x-direction. Then the eigenvalues are given by E ± (k) = ε k ± (h + αk y ) 2 + α 2 k 2
x . In that case, the spin precesses in xy-plane and one can show that the projection of magnetization onto the field direction is given by
In order to calculate the susceptibility in Eq. (7), we must evaluate the energy derivatives (∂E kσ /∂h n ), yielding:
for two different field directions, andχ(k) denotes the non-trivial contribution to the susceptibility coming from the self-energy derivatives:χ
The final ingredient necessary for the evaluation of Eq. (13) are the quasi-particle residues z f k and z c k , which are defined via the renormalized Green's functions for the localized and conduction electrons, respectively:
The above result is valid in the regime δ ≪ 1 (i.e. h ≪ α R ), which we show below holds in these CeRhIn 5 heterostructures. In the opposite limit of vanishing Rashba coupling (α = 0), the Fermi surface averages yield 1, as expected, and we thus obtain the bulk ratio (χ z /χ x ) bulk = (J z /J x ) 2 ≈ 1.9. Let us now proceed to estimate the value of δ, which can be written as follows:
where E R = 2 k 2 R /2m * = αk R /2 is the Rashba energy commonly associated with the Rashba vector k R = αm * / 2 . Presumably, the strength of the electric field at the interface is not dissimilar to other semiconductor heterostructures,
